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The cell wall is a critically important structural entity in bacteria.1–3 Because of its importance
to bacterial survival, the cell wall itself and its biosynthetic enzymes are targets of antibiotics.
4,5 The complex process of biosynthesis of the cell wall is initiated in the cytoplasm, leading
to lipid II. Lipid II is translocated to the surface of the plasma membrane, where it is
polymerized (by transglycosylases) and cross-linked (by transpeptidases) to give the cell wall
structure that encases the entire organism, which incidentally exceeds the bacterial genome in
mass (Figure 1).6 The backbone of the peptidoglycan, the major constituent of the cell wall, is
a repeating unit of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). A special
stem peptide, typically a pentapeptide, is appended to the NAM unit. The cross-linking is
through the peptide portion of the structure (Figure 1).

An intriguing observation on growth and biosynthesis of the cell wall is that on doubling of
the bacterial population as much as 60% of the parental cell wall is recycled,7,8 entailing a
degradative processing of the older cell wall, entry into the cell, and reuse of the components
for the de novo biosynthesis. Much of this recycling process is not understood at the present
state of knowledge. However, a key event is fragmentation of the parental cell wall by the
family of lytic transglycosylases.9,10 In contrast to other known glycosidases, these enzymes
are not hydrolytic. It has been proposed that they cleave the sugar backbone between the NAM
and NAG saccharides by a process that goes through an oxocarbenium species, which in turn
traps the 6-hydroxyl group of glucosamine to result in what is referred to as the 1,6-
anhydromuramyl moiety (see conversion of compound 1 to 2 and 3, discussed below).11,12

This is a remarkable reaction, since the glucosamine rings in the peptidoglycan are shown to
be in the chair conformation with all equatorial substituents, which become converted to an all
axial arrangement upon reaction (2).

Because of the importance of this recycling process, multiple genes exist for lytic
transglycosylases in each bacterial genus. A quantitative analysis of these enzymic activities
is absent from the literature, because of the lack of reagents and, in some cases, enzymes. There
is also a paucity of information on the distinct roles of the individual enzymes in degradation
of the cell wall. In this report, we disclose the cloning of the genes and purification of all six
known lytic transglycosylases of Escherichia coli. We also document that all these recombinant
enzymes are active in fragmentation of the sacculus (the whole cell wall), but only one, MltB,
is able to process a short chain synthetic fragment of the bacterial cell wall. The quantitative
analysis of this process reveals it to be a key event that leads to the component of the
peptidoglycan that is transported into the cytoplasm for the recycling purpose in E. coli.
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The genes for the six known lytic transglycosylases in E. coli were cloned without the
sequences for the leader peptides to prevent them from being transported to the periplasmic
space. The cysteine residue near the N-terminus that experiences lipidation responsible for
membrane anchoring was left out to avoid membrane sequestration, and a sequence for C-
terminal His-tag was added to each. There was good cytoplasmic expression of all six enzymes
in water-soluble forms, which resulted in preparations of MltA, MltB (also known as Slt35),
MltC, MltD, MltE (also known as EmtA), and Slt70 after a single Ni(II)-affinity
chromatography purification (see Supporting Information). All six exhibited activity in
fragmentation of the sacculus by a zymography assay. In this assay the isolated sacculus is
embedded in a polyacrylamide gel under denaturing conditions. The proteins are run in the gel
and are in turn renatured in situ. The degradative processing of the cell wall is indicated by the
clearing of the gel at the location of the enzyme (Supporting Information).13

We subsequently investigated whether these purified enzymes would process a synthetic piece
of the peptidoglycan (compound 1; lysine in the peptide moiety of this compound is seen in
some bacteria, but others have diaminopimelate in its place). This synthetic fragment has a
short chain backbone of only two repeats of NAG-NAM. This fragment was synthesized in 37
steps according to the method that we have published earlier.14 The screening (Supporting
Information) with compound 1 was performed with reversed-phase HPLC monitoring. This
analysis revealed that out of the six E. coli lytic transglycosylases only MltB was able to degrade
the synthetic substrate. The two reaction products eluted on the chromatogram with retention
times of 31.0 and 37.5 min, analyses of which by LC-MS (ESI) confirmed them as compounds
3 and 2, respectively. Authentic synthetic samples of 2 and 3 were prepared in our laboratory,
which unequivocally confirmed the structure assignments for the two products of the MltB
reaction (Figure 2). We hasten to add that conversion of 1 to 2 and 3 by MltB was clean (see
Supporting Information), and no evidence exists for potential entrapment of a water molecule
by the reactive intermediary oxocarbenium species.

Nonlinear regression of the data at pH 7.0 for either the consumption of substrate 1 or formation
of the products 2 and 3 furnished the kinetic parameters Km of 1.8 ± 0.5 mM and kcat of 7.7 ±
1.0 s−1. The millimolar Km value is not atypical for many important metabolic enzymes. For
instance, of the 21 enzymes for glycolysis and the tricarboxylic acid cycle, 10 have millimolar
Km values for their respective substrates. The effective concentration of the peptidoglycan near
the surface of the plasma membrane (an entropic contribution) is expected to be high; hence
saturation of the membrane-anchored MltB by the peptidoglycan should not be a problem. This
level of activity is sufficient to allow turnover of the peptidoglycan as many as 14 000 times
within a single bacterial doubling time of 30 min for each MltB molecule.

When MltB was incubated with the purified E. coli sacculus, the enzyme fragmented it, as
would be expected from the aforementioned zymography assay. LC-MS (ESI) analysis of the
resulting fragments is shown in Figure 3 (see Supporting Information for the HPLC elution
profile). Six major fragments were discernible, of which four (fragments A, B, D, and E)
possessed the 1,6-anhydromuramyl moiety, the products of the MltB reaction, whereas one
(fragment F) did not. Fragment C could not be characterized. The structures of these fragments
indicate that the cell wall is extensively modified in the peptide portions, as there are multiple
enzymes that process the peptide stems in E. coli. The two major products are A and B, which
differ from one another by one amino acid. Fragments D and E are products of MltB processing
of two cross-linked strands of peptidoglycan. It is important to note that fragment F is not the
result of the catalytic function of MltB, but it would appear to be “left over” from the exhaustive
processing of the sacculus by this enzyme. We had noted from the turnover of compound 1 by
MltB that no entrapment of water by the oxocarbenium ion took place. Hence, the observation
of “reducing sugars” in fragment F is indicative of processing of peptidoglycan by a hydrolytic
enzyme in the course of maturation of the cell wall. Compound 2 and its congeners from the
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sacculus, fragments A and B, are known to be transported into the cytoplasm for recycling by
AmpG (Figure 1), an integral membrane protein.15 Diffusion of a portion of these products of
the MltB reaction into the host tissue causes the inflammation associated with bacterial
infections.16–18 Hence, the formation of these key chemical species is responsible for both the
economy of the biosynthetic processes of the cell wall and the pathological manifestations
associated with infections. The steps mediated by MltB in E. coli are likely to be processive,
from one or the other end of the peptidoglycan. We hasten to add that it is likely that compound
1 might be the minimal substrate for MltB, requiring occupation of the seat of the reaction by
one NAG-NAM repeat on each side of the scissile bond. We conclude this based on the
observation that the β-glycosidic compound 3 (methoxy at C1) is not a substrate for the enzyme.
This was seen both by the lack of processing of 3 in the product mixture from the reaction of
turnover of 1 by MltB and by the addition of the authentic compound 3 to the enzyme in a
separate attempt at the reaction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Functions of transglycosylases and transpeptidases in assembly of cell wall starting from lipid
II, and its fragmentation by lytic transglycosylases. The minimal fragmented product is
internalized by AmpG for recycling.
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Figure 2.
Degradation of synthetic peptidoglycan 1 by MltB.
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Figure 3.
Products of sacculus fragmentation by the action of MltB and the structure assignment by ESI-
MS.
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